We have taken a deep, moderate-resolution Keck/Deimos spectra of QSO, CFHQS2329, at z=6.4. At the wavelength of Lyα, the spectrum shows a spatially-extended component, which is significantly more extended than a stellar spectrum, and also a continuum part of the spectrum. The restframe line width of the extended component is 21±7 (Å), and thus smaller than that of QSO (52±4Å) , where they should be identical if the light is incomplete subtraction of the QSO component. Therefore, these comparisons argue for the detection of a spatially extended Lyα nebulae around this QSO. This is the first z>6 QSO that an extended Lyα halo has been observed around. Careful subtraction of the central QSO spectrum reveals a lower limit to the Lyα luminosity of (1.7±0.1)×10
INTRODUCTION
Understanding the first stage of the formation of galaxies is one of the central issues in observational astronomy. Galaxy formation models predict that an early stage inevitably involves a spatially extended distribution of infalling, cold gas (Haiman & Rees 2001) . If such gas is ionized by a central luminous quasar (QSO), or an initial starburst, such gas should be observed as extended Lyα emission in the high-z Universe.
However, due to instrumental limitations, extensive searches for extended Lyα emission or Lyα blobs were mostly conducted at at z∼2-3 in the past (Steidel et al. 2000; Matsuda et al. 2004; Nilsson et al. 2006; Smith & Jarvis 2007; Smith et al. 2009 ), with only a few exceptions at z=6.595 (Ouchi et al. 2009 ) and at z=4.5 (Bunker et al. 2003) . It is worth noting that some of these detections are associated with a bright QSO (Bunker et al. 2003; Weidinger et al. 2005 ; Barrio et al. 2008) . If a QSO is a heating source, it is also a subject of interest to understand what role a central black hole plays in such an early stage of the galaxy formation, perhaps leading to the tight correlations observed at low redshift such as the M-σ relation (Magorrian et al. 1998) , and the starburst-AGN connection (Maiolino et al. 1997; Goto 2005 Goto , 2006 . However, at z=3, the age of the Universe was already 2.2 Gyrs, and thus, it may be too late to search for a primordial stage of a galaxy formation (Scannapieco et al. 2003) . In Goto et al. (2009) , we found a spatially-extended structure around a QSO at z=6.4. This may be the first example of Lyα blob around a luminous QSO at z>6. However, the detection was in the z ′ -band image of Subaru/Suprime-Cam. Therefore, it was not clear if the extended structure was Lyα emission, or continuum emission from the QSO host galaxy. In this work, we performed a deep, moderateresolution spectroscopy with the Keck/Deimos to clearly separate the two cases. Unless otherwise stated, we adopt the WMAP cosmology: (h, Ωm, ΩL) = (0.7, 0.3, 0.7). Table 1 . Target information adopted from Willott et al. (2007) and Goto et al. (2009 
OBSERVATION
Our target is QSO CFHQS J2329-0301 (Table 1; Willott et al. 2007 ) at z=6.417 (Willott et al. 2010 ). This QSO is known to be in a dense environment surrounded by 7 LBG candidates (Utsumi et al. 2010) . We obtained moderate resolution spectra of the QSO using Keck/Deimos on the nights of September 12 and 13, in 2010. The details of the observation and data reduction are described in Goto et al. (2011) . Briefly, we used the 830 lines mm −1 grating and the OG550 order cut filter with the central wavelength of 8500Å . The slit width was 1.0" with 0.47Å pixel −1 , giving a resolving power of R ∼3600. The position angle of the slit was -30 deg. The wavelength coverage was 6000Å to 10000Å. The spatial resolution is 0.1185" pixel −1 . The total integration time was 5.5 hours. We used the Deep2 pipeline to reduce the data, except the background subtraction, which we did manually to remove ghost features of the 830 grating carefully. Wavelength calibration is based on the HeNeAr lamp.
For flux calibration, the spectrophotometric standard G191-B2B was observed and used to correct the spectral shape. Absolute flux calibration was achieved by passing the spectra of the QSO through the Subaru z ′ filter and normalizing to match the observed z ′ magnitude in Table 1 . We independently performed the absolute flux calibration using the standard G191-B2B, obtaining only 4% larger absolute flux.
ANALYSIS

Removal of the QSO PSF
To investigate the extended component of the spectrum, we need to subtract the central point source spectrum, which is often brighter by a factor of >10 for a QSO. We chose a spectrum of a bright star in the same Deimos mask as the QSO and which was relatively free of the ghost features of the 830G grism; this spectrum is shown in the middle panel of Fig.1 . The PSF of the QSO and the extended background were decomposed (in the spatial direction) using the IRAF code specinholucy based on a two-channel restoration technique (Lucy & Walsh 2003) . The technique restores the spatial profile of the PSF and a smooth background wavelengthby-wavelength. It is based on a two-channel restoration algorithm that restores a point spread function (PSF)-like component in a 2D spectrum and an underlying extended background component. It has already been successfully used to subtract point-source spectra in highly inhomogeneous backgrounds, such as high-z SNe Ia embedded in their host galaxy (Blondin et al. 2005) . Therefore, it is also suitable for our case of separating QSO from the extended structure.
The top panel of Fig.1 shows the reduced 2D spectrum of J2329. The middle panel shows the spectrum of the reference PSF star. The PSF size (FWHM) measured from a star in a slit is 0.65".
The restored background component was smoothed by a Gaussian (see Lucy & Walsh 2003 , for details) of FWHM 16.5 pixels (1.95"). On subtracting this smooth component from the spectrum (with the QSO PSF removed), structure at spatial scales intermediate between that of the PSF and the smooth extended structure was revealed. The bottom panel of Fig.1 shows this revealed component.
In the bottom panel of Fig.1 , at the peak of the QSO spectrum, there remain positive and negative residuals resulting from incomplete PSF removal. This has often been seen in PSF removal and usually arises when the spatial profile of the PSF star does not quite match that of the target. The residuals are at the level of a few percent of the peak of the QSO PSF. Noteworthy in Fig.1 is the extended flux over the wavelength range 9006-9035Å that remains from the decomposition. The peak of this flux corresponds to Lyα wavelength at the redshift of the QSO. The red bar of length 2" in the figure shows the spatial scale for reference, indicating that the remaining flux is spatially extended over an extent as large as ∼4". In Fig.2 , we show the residual extended flux from the two-channel restoration summed in the wavelength direction over the extent 9006 to 9035Å. The error bars include Poisson noise from the QSO and star spectra, and the background noise. Compared with the errorbars, remaining flux from -1.7 to +1.6 arcsec appears to be significant.
To further verify this finding, in Fig.3 , we compare the spatial flux profile in the wavelength range between 9006 and 9035Å of the QSO spectrum (corresponding to Lyα emission) in the black solid line, and that between 9058 and 9087Å(i.e., remote from the Lyα line) in the red dotted line. Both of these wavelength ranges are chosen so that they do not include strong sky emission lines. The flux profile of the star in the range of 9006-9035Å is also plotted in the blue dotted line. Compared with the associated errorbars, the flux profile of the QSO at the Lyα wavelength is significantly more extended than that of the continuum, and the star. We also performed a 2-dimensional subtraction using the QSO continuum as a spectral PSF, interpolating the PSF shape from the continuum on both sides of the Lyα line, obtaining a very similar result as in Fig.1 . Note that the continuum region may contain an extended component from the underlying galaxy. This test was performed in case the optical distortions in the spectrograph differ between the position of the star used as a PSF and QSO slit position. However, the spatial profiles of the star and QSO continuum are very similar (see Fig. 3 ), suggesting such effects are small.
We note that the extended emission may be stronger above than below the QSO spectrum in Fig.1 . Corresponding asymmetry can be found in Fig.2 . This can also be seen in Fig.3 , where the excess from the continuum subtraction is larger at the positive offset. Also the emission may be tilted in wavelength-position space as revealed in the bottom panel of Fig.1 . This may be a sign of rotation in the extended Lyα emitting region, but needs confirmation from a better spatial resolution spectrum. 
One dimensional spectrum
On the basis of this evidence, we claim that at least the Lyα region of the spectrum is more extended than the PSF from the star and the continuum region of the QSO spectrum. Next, we extracted a one-dimensional spectrum from the 2D image by masking out the central 10 pixels (1.1"), where the residuals on the PSF match are strong. Note that due to this masking, the computed flux and luminosity are lower limits.
In Fig.4 , we show the one-dimensional spectrum. The gray line shows the spectrum at the original resolution. The black line shows the same spectrum binned with a 10 pixel box. The magenta line shows the scaled sky spectrum. As expected from Fig.1 , a strong peak can be seen at around Lyα emission. Due to neutral hydrogen absorption on the bluer side, the line has clear asymmetric profile with an extended red wing that is typical for a high-z Lyα line. In the blue dotted line, we show the arbitrary-scaled QSO spectrum before the PSF subtraction. The Lyα line profile of the QSO is much broader. This difference confirms that the residual in the bottom panel of Fig.1 is not part of the (unsubtracted) QSO spectrum, but indeed spectrum of a different nature.
The total flux measured between 9006 and 9035Å region (except central 1") is (3.6±0.2) ×10 −17 erg cm −2 s −1 as shown in Table 2 . Compared with errors measured from 9058-9087Å region of the spectrum, this is a 17 σ detection. There is no significant flux detected other than the Lyα wavelength. The flux corresponds to the lower limit of Lyα luminosity of (1.7±0.1)×10
43 erg s −1 (c.f., the Lyα luminosity of the QSO is 6.2×10 44 erg s −1 ). This is smaller than photometrically estimated value of 2.0×10 43 erg s −11 (Goto et al. 2009 ), but consistent with each other, since our estimate is a lower limit due to the central mask. For comparison, Figure 5 . M BH − σ relation. The data points except for J2329 are adopted from Wang et al. (2010) . The diamonds represent the local galaxies (Tremaine et al. 2002) , whose local M BH − σ relationship in the black dashed line is log (M BH /M ⊙ ) = 8.13 + 4.02log(σ/200 km s −1 ). The blue squares and triangles are for the z∼6 and 1.4 z 5 QSO samples, respectively, with σ derived from the observed CO line width using σ ≈ F W HM/2.35 (Wang et al. 2010 ). The red circle show J2329 at z=6.4 measured in this work based on the dispersion of the Lyα line. The purple dotted line shows a simulated M-σ relation at z=6 (Robertson et al. 2006) . the luminosity of a Lyα blob at z ∼6.5 is L * ∼3.9±0.2×10 43 erg s −1 (Ouchi et al. 2009) and Lyα blobs at z=3.1 is ∼1×10 43 erg s −1 (Matsuda et al. 2004 (Matsuda et al. , 2006 .
The FWHM estimated through a Gaussian fit is 21±7 (Å) in the restframe. This narrow width of the line also suggests that the Lyα emission did not originate from the broad line regions of the QSO (FWHM of 52±4Å). We do not recognize the presence of a clear rotation curve, or multiple velocity components. In terms of velocity dispersion in the restframe, this corresponds to 301±99 km s −1 . For comparison, the median velocity dispersion of Lyα blobs at z=6.6 is 110 km s −1 (Ouchi et al. 2009 ), and at z=3.1 is 330 km s −1 (Matsuda et al. 2004 (Matsuda et al. , 2006 . If the nebula forms a single virialized system with a velocity dispersion of 301 km s −1 in 2" radius (11 kpc at z=6.4), we estimate a virial mass of 1.2 ×10 12 M⊙ (5/3×3σ 2 R/G). For comparison, Goto et al. (2009) estimated a stellar mass from 6.2×10 8 to 1.1×10
10 M⊙ depending on the star-formation history. If the velocity dispersion of the nebula reflects the dynamics of the host galaxy, it suggests that a massive galaxy is already harboring a QSO at z=6.4. Goto et al. (2009) 
Non-detection of Continuum
detected 2.5×10
−19 erg cm −2 s −1Å−1 of flux density from the extended component in zr filter (λe=988nm) at 3 σ. We did not detect any continuum from the extended component other than the Lyα emission. However, the noise level of our continuum is 5.5×10
−19 erg cm −2 s −1Å−1 pixel −1 . Therefore, we cannot indicate the detection or non-detection of the possible continuum emission from the extended component.
Since we did not detect continuum from the extended component, we cannot obtain an equivalent width (EW) solely from the spectra. However, if we use the continuum level of zr band, we obtain the restframe EW of 19±6Å. This is not a particularly large value for Lyα blobs. For example, all 18 Lyα blobs in Saito et al. (2008) had EWrest > 100Å (but not all of them are associated with a QSO).
DISCUSSION
Comparison to Lyα blobs around low-z QSOs
It is informative to compare the size of the extended Ly-α emission around CFHQS J232908.28-030158.8 with that of similar structures, Ly-α blobs around lower redshift QSOs. Barrio et al. (2008) 's Lyα nebula around a z=2.48 QSO had FWHMrest of 370±63 km/s, with 40 kpc radius of extension (in 3 separate parts though). The Lyα halo around a radio-quiet QSO at z=3.04 also extended to ∼30 kpc (Weidinger et al. 2005) . Bunker et al. (2003) reported a 5"-extended, FWHMrest of 181 km/s Lyα nebula around a QSO at z=4.5. Compared to these, our z=6.4 Lyα nebula has a much larger FWHMrest of 707±232 km/s, perhaps reflecting a larger M host . Although the 11 kpc of extension is smaller than the measured sizes at lower-z, surface brightness dimming is much greater at z=6.4, and thus, the size could be larger than measured. There exist only a few examples of extended Lyα halos around QSOs. It is important to construct a larger sample to correctly understand the evolution of the Lyα halo around QSOs.
What is the physical origin of this Lyα nebula?
Since there exists a QSO at the center of this nebula, an obvious explanation is halo gas photoionized by the QSO. Following Yu & Lu (2005) , we estimate the ionizing photon emission rate of this QSO using absolute magnitude M 1450Å =-25.23 (Willott et al. 2007) . We count photons with energy in the range 13.6-54.4 eV as ionizing photons. We assumed average QSO SEDs at z > 3 from Telfer et al. (2002) . To be conservative, we used the SED of radio-loud QSOs, which produce smaller ionizing photon rates than radio-quiet QSOs. The rate obtained for the QSO is 1.6×10 56 s −1 . On the other hand, Lyα photon rate emitted by the nebula is several 10 53 s −1 . Therefore, there are orders more ionizing photons produced by the QSO to illuminate the Lyα nebula. A cold accretion of neutral gas (Barkana & Loeb 2003) , or recently found re-scatted Lyα photons by neutral hydrogen (Hayes et al. 2011 ) are other candidates to explain Lyα blobs. In our case, however, these scenarios are unlikely because neutral hydrogen cannot survive exposure to the abundant ionizing photons.
In addition, star-formation in the host galaxy can also contribute (Taniguchi & Shioya 2000; Ohyama et al. 2003) . The starformation rate (SFR) can be estimated using the following relation (Kennicutt 1998; Taniguchi et al. 2007 ).
SF R(Lyα) = 9.1 × 10 −43 L(Lyα)M⊙yr −1 ,
Based on the Lyα luminosity, we estimate the SFR(Lyα) is >3.0 M⊙ yr −1 . This is not a high SFR, and thus, can be expected from a young star-forming galaxy. Therefore, it is possible that the starformation in the host galaxy contributes to ionizing the Lyα nebula.
MBH − σ relation at z >6
The virial mass estimate provides an interesting opportunity to investigate the MBH /M host ratio at z> 6. The black hole mass of this QSO was measured to be 2.5±0.4×10
8 M⊙ based on the MgII
